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Open access under the ElThe papillomaviruses form a highly diverse group that infect mammals, birds and reptiles. We know little
about their genetic diversity and therefore the evolutionary mechanisms that drive the diversity of these
viruses. Genomic sequences of papillomaviruses are highly divergent and so it is important to develop
methods that select the most phylogenetic informative sites. This study aimed at making use of a novel
approach based on entropy to select suitable genomic regions from which to infer the phylogeny of
papillomavirus. Comparative genomic analyzes were performed to assess the genetic variability of each
gene of Papillomaviridae family members. Regions with low entropy were selected to reconstruct papil-
lomavirus phylogenetic trees based on four different methods. This methodology allowed us to identify
regions that are conserved among papillomaviruses that infect different hosts. This is important because,
despite the huge variation among all papillomaviruses genomes, we were able to ﬁnd regions that are
clearly shared among them, presenting low complexity levels of information from which phylogenetic
predictions can be made. This approach allowed us to obtain robust topologies from relatively small data-
sets. The results indicate that the entropy approach can successfully select regions of the genome that are
good markers from which to infer phylogenetic relationships, using less computational time, making the
estimation of large phylogenies more accessible.
 2011 Elsevier B.V. Open access under the Elsevier OA license.1. Introduction
Papillomaviruses (PVs) belong to a diverse group of epithelio-
tropic viruses that are found in a wide variety of mammals, birds
and reptiles – the Papillomaviridae. They can infect skin and muco-
sal squamous epithelium, causing asymptomatic infections and
various benign or malignant lesions (Campo, 2002). PVs have a cir-
cular double strand DNA molecule measuring approximately 8 kb,
surrounded by a non-enveloped capsid composed of 72 pentamers
(Shah and Howley, 1996). The genome is often divided into eight
ORFs that partially overlap along one strand of the DNA molecule.
This area is classiﬁed into three distinct regions: an early region
(E1–E8), the late region (L1 and L2) and the long control region
(LCR) with no coding potential (Baker et al., 1987; Wang, 2007).
Because it is the most conserved gene in the PV genome, the L1
ORF has been used for the identiﬁcation of new viral types. A PV
isolate is recognized as a new viral type when its complete genomeinformatics and Evolutionary
of Pernambuco, Av. Professor
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o).
sevier OA license.is cloned and the sequenced L1 ORF reveals differences greater
than 10% compared to the closest known type. Differences of
between 2% and 10% deﬁne a subtype, while PVs that differ by less
than 2% are known as variants (Bernard, 2005; de Villiers et al.,
2004). On the other hand, differences exceeding 40% are used as
reference for the recognition of new genera, which contain biolog-
ically diverse and phylogenetically related types (de Villiers et al.,
2004).
Based on these simple principles, the following genera have
been recognized: Alpha-PV; Beta-PV; Gamma-PV; Delta-PV; Epsi-
lon-PV; Zeta-PV; Eta-PV; Theta-PV; Iota-PV; Kappa-PV; Lambda-PV;
Mu-PV; Nu-PV; Xi-PV; Omikron-PV; and Pi-PV (de Villiers et al.,
2004). However, new genera, such as Rho-PV; Sigma-PV; Tau-PV;
Upsilon-PV; Phi-PV; Chi-PV; Psi-PV; Omega-PV; Dyodelta-PV; Dyoep-
silon-PV; Dyozeta-PV; Dyoeta-PV; Dyotheta-PV and Dyoiota-PV have
recently been added (Bernard et al., 2010).
However, we still have little knowledge of PV diversity, and
efforts need to be made to increase the sampling of PVs, mostly
non-human PVs, so we can better understand their evolution. A
number of studies have been made which begin to increase our
understanding of the factors that inﬂuence the evolution of PVs
(Bravo and Alonso, 2007; Chan et al., 1992, 1995; Gottschling
et al., 2007a,b, 2011; Shah et al., 2010).
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which takes into consideration the choice of an appropriate out-
group, as well as the assessment of conﬁdence values of internal
nodes, Gottschling et al. (2007b) recognized that multiple
evolutionary mechanisms must guide PV diversiﬁcation. Another
robust study has used the method of importance sampling (Shah
et al., 2010), providing evidence for the existence of discrepancies
between the divergence patterns of PVs and their hosts, conﬁrming
that the complex evolution of these viruses cannot be explained
solely by co-speciation events. More recently, Gottschling et al.
(2011) compared robust phylogenies of PVs and their hosts using
different statistical approaches and suggested that codivergence
is an important evolutionary force, but that it alone cannot explain
the great diversity of PVs observed. Although these studies provide
very reliable data, they needed to use computationally intense
methods requiring high-performance processors.
When assessing the phylogenetic relationships between a group
of organisms, a good way to decrease the computational time and
minimize the bias introduced by genomic regions of uncertain
homology is to detect and remove those regions from the multiple
sequence alignment in order to ﬁnd only the most phylogenetic
informative regions of the genome (Criscuolo and Gribaldo,
2010). As these regions are usually associated with nucleotide/
amino acid conservation, the Shannon entropy (Shannon, 1948)
could help to detect them, since it is very suitable for measuring
genetic variability and detect binding sites (Johansson and Toh,
2010; Schneider et al., 1986; Schneider and Stephens, 1990). Many
approaches have been used to assess character variability and they
have proved to be useful for the identiﬁcation of conserved geno-
mic regions (reviewed by Valdar (2002)). In highly diverse data
sets, it is important to analyze conserved genomic regions because
they have a higher probability of being associated with functional
domains in proteins, improving the search for homologous sites
among the genomes. So, the entropy measure seems to be a good
estimator to select those regions.
In this context, it is important to understand the exact role of
co-evolution between PVs and their hosts, and other evolutionary
forces that may inﬂuence PV diversiﬁcation, because then medical
questions could be better addressed to improve our knowledge on
PV infections and cancer. However, the evaluation of these mech-
anisms is based on biological sequence analysis, and the sequences
of genes/proteins of PVs are divergent. Therefore, we propose a
novel approach based on the entropy measure to select conserved
genomic sites in order to reconstruct PV phylogeny. This method
has proven to reduce computational time spent in the phyloge-
nomic analysis of these viruses, allowing the achievement of
robust studies without the need of super processors.2. Material and methods
2.1. Sequences and local database development
Fifty three complete genome sequences representing the diver-
sity of PV types (six human papillomavirus (HPV) types and 47
non-human PV types) were retrieved from the public database of
the National Center for Biotechnology Information (NCBI) (see Sup-
plementary Table S1). Due to the large number of HPVs identiﬁed,
only one representative of each genus containing HPVs was
selected in order to avoid bias in the analysis.
From the complete genomes, the annotations of each gene were
retrieved, as well as their nucleotide and amino acid sequences
using BLAST (Altschul et al., 1990). Then, the sequences were
processed using BioEdit v. 7.0.9 (Hall, 1999) and stored in a local
database, along with the intrinsic information of the genomes, such
as size and nucleotide composition.2.2. Sequence alignment and genomic variability
The amino acid sequences of each PVs protein were aligned
using ClustalW (Thompson et al., 1994) incorporated into the
Molecular Evolutionary Genetics Analysis version 4.0 (MEGA4)
software (Tamura et al., 2007). Problematic regions which were
difﬁcult to align were realigned with a higher gap opening and
extension penalty, and then manually adjusted. The amino acids
alignments were back translated into codons to obtain the aligned
nucleotide sequences.
For each gene, the following parameters were estimated: total
number of aligned sites; number of sites with gaps; conserved
sites; variable sites; singleton sites; parsimony informative sites;
the total number of mutations; and the overall distance. To achieve
this, the programs used were DNA Sequence Polymorphism
(DnaSP) version 5.10.00 (Librado and Rozas, 2009) and MEGA4
(Tamura et al., 2007). The transition/transversion ratio (R) was
calculated using Tree-Puzzle v. 5.2 (Schmidt et al., 2002).
2.3. Entropy calculation and secondary structure prediction
The sequences were submitted for entropy analysis using Data
Analysis in Molecular Biology and Evolution (DAMBE) v. 5.2.31
(Xia and Xie, 2001), in order to evaluate the variability and com-
plexity of each nucleotide site. A window size equal to 100 units
was used with the objective of reducing noise. The entropy was
calculated for each position using the Shannon entropy formula:
Hi ¼ ð
P4
j¼1pijlog2pijÞ, where Hi corresponds to the entropy of each
site i; j is equal to 1, 2, 3 and 4, corresponding to the A, C, G and T
nucleotides, respectively; and pij is the proportion of the nucleotide
j in the site i. All sites with low complexity, deﬁned as those that
exhibited entropy values less than or equal to 1.6, were selected
to reconstruct the PV phylogeny, which allows sufﬁcient variability
to establish the evolutionary relationships of PVs. Some sites were
included in order to maintain the codons.
In order to validate the method, we tried to establish a struc-
tural relationship between the regions selected by entropy and
the secondary structure of PVs’ proteins (a-helix, b-sheets and
loops regions). For each protein, secondary structure prediction
was performed using the JPred 3 server (Cole et al., 2008), which
incorporates the Jnet algorithm. This server uses a combination
of prediction methods to increase the success rate determining
secondary structures. In addition to the increased accuracy, JPred
3 can predict the secondary structure based on a multiple align-
ment of amino acid sequences, producing a consensus of structures
obtained from each sequence.
2.4. Phylogenetic analyses
The selected regions of each gene were submitted to ModelTest
v. 3.7 (Posada and Crandall, 1998). ProtTest v. 2.4 (Abascall et al.,
2005) was used for proteins. The Akaike Information Criterion
(AIC) methodology of model selection (Akaike, 1973) was used to
deﬁne the substitution model that best ﬁtted the data. When the
alignment length was small compared to the number of parame-
ters, we used the corrected AIC (AICc) measure of model ﬁt (Hur-
vich and Tsai, 1989; Sugiura, 1978; Posada and Buckley, 2004).
The model for the concatenated genomic regions was also veriﬁed.
We used Tree-Puzzle v. 5.2 (Schmidt et al., 2002) to evaluate the
existence of a phylogenetic signal in the dataset. This veriﬁcation
was performed by likelihood mapping, which analyzes groups of
four randomly selected sequences called quartets (Strimmer and
von Haeseler, 1997). In order to check the phylogenetic signal
decay caused by saturation, plots were constructed using DAMBE
(Xia and Xie, 2001), representing the behavior of transition and
transversion rates as the genetic distance increases between
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sets were used in the analysis with nucleotides: one including and
another excluding the third codon position, for comparison
purposes.
Phylogenetic analysis was performed with the concatenated
genes/proteins using a 2.67 GHz Core 2 Duo processor with 4 GB
of RAM running Windows XP SP3. The genes E4 and E5 were
excluded for not being present in at least 80% of the evaluated
PV types and for presenting high entropy values. Thus, the data
matrix used in the analysis contained the genes/proteins E1, E2,
E6, E7, L1 and L2. In parallel, other analyzes were performed with
the L1 gene, as well as with the concatenated genes/proteins
E1–E2–L1 and E1–E2–L2–L1, in order to assess which set of
genes/proteins best reconstructs the evolutionary history of PVs,
as well as to conﬁrm the efﬁcacy of the entropy method with a
more representative number of viruses.
The reconstruction of the PV phylogeny was performed using
Neighbor-Joining (Saitou and Nei, 1987; Studier and Kepler,
1988), Maximum Parsimony, Maximum Likelihood and Bayesian
Inference methods. Except for Maximum Parsimony, all methods
were calculated using the evolutionary models and parameters
that best ﬁtted the dataset. Trees based on Neighbor-Joining and
Maximum Parsimony methods were generated using PAUP⁄ v.
4.0b10 (Swofford, 2002), with 1000 nonparametric bootstrap
replicates as conﬁdence values for the branches. For Maximum
Parsimony, heuristic searches were used with TBR method, and
the initial trees were obtained by random addition of taxa with
10 replicates.
Maximum Likelihood analysis was performed using PhyML v.
3.0 (Guindon et al., 2010). NNI branch swapping was used to esti-
mate tree topology by performing heuristic search. A BioNJ tree
was used as the initial tree and the taxa were added randomly.
The robustness of the branches was assessed using 1000 bootstrap
replicates. Bayesian Inference analysis was performed using MrBa-
yes v. 3.1 (Ronquist and Huelsenbeck, 2003), which uses the Mar-
kov Chain Monte Carlo (MCMC) simulation technique to
approximate the posterior probability of trees. The ﬁnal topology
was estimated with 1,000,000 interactions using 100,000 cycle
burn-in and sampled every 100 interactions. Stationarity wasTable 1
Genomic diversity of Papillomavirus all variables were calculated using MEGA4, DnaSP an
ORF (size) Sites with gaps (indels) Conserved sites Variable sites
Singletons Parsimony info
E1 (2367) 1047 (44.2%) 146 (6.2%) 50 1124
E2 (1806) 1251 (69.3%) 24 (1.3%) 19 512
E4 (1041) 1023 (98.3%) 0 (0%) 0 18
E5 (507) 443 (87.0%) 0 (0%) 0 66
E6 (945) 777 (82.2%) 10 (1.1%) 2 156
E7 (945) 852 (90.2%) 5 (0.5%) 5 83
L1 (1749) 501 (28.6%) 165 (9.4%) 59 1024
L2 (1998) 1644 (82.3%) 6 (0.3%) 6 342
Table 2
Protein diversity of Papillomavirus. All variables were calculated using MEGA4 program.
Protein (size) Sites with gaps (indels) Conserved sites Variabl
Singlet
E1 (789) 349 (44.2%) 43 (5.4%) 18
E2 (602) 417 (69.3%) 4 (0.7%) 6
E4 (347) 341 (98.3%) 0 (0%) 0
E5 (169) 149 (88.2%) 0 (0%) 1
E6 (315) 259 (82.2%) 4 (1.3%) 1
E7 (315) 284 (90.2%) 2 (0.6%) 3
L1 (583) 167 (28.6%) 44 (7.6%) 26
L2 (666) 548 (82.3%) 3 (0.4%) 3assessed by visualization of ln likelihood scores vs. generation
plots to determine the point at which likelihood values stabilized.3. Results
3.1. Genome structure and genetic variability
Based on the annotation available from GenBank, all viral types
presented the genes E1, E2, L1 and L2. However, only approxi-
mately 75% of PVs contained the E4 gene, 43.4% the E5 gene, and
84.9% the E6 and E7 gene. A few PVs included unusual genes with
poorly-deﬁned functions and overlapping sequences.
After the alignment, the E1 gene was the longest with 2,367 bp,
whereas E5 gene was the shortest with 509 bp. The analysis
showed that the most conserved genes are L1 and E1 with 165
(9.4%) and 146 (6.2%) conserved sites, respectively. E4 and E5 genes
were more variable, with no conserved sites. Although relatively
extensive, the L2 and E2 genes presented very low number of con-
served sites (Table 1).
The variability among the PV genes was quite high, as veriﬁed
by the presence of sites with gaps and variable sites. In six genes
(E2, E4, E5, E6, E7 and L2), the number of gaps was much greater
than the number of variable sites. In the L1 gene, the number of
variable sites surpassed the number of sites with gaps. The E1 gene
presented a number of variable sites close to the number of sites
with gaps (1,174 and 1,047, respectively). Among the variable sites,
most of them were parsimony informative. The overall distance, an
average measure of sequence divergence, was high, demonstrating
that PVs have highly diverse sequences (Table 1). This variability
pattern was also observed when we analyzed the amino acid
sequences (Table 2).
An important parameter for the correct inference of phylogeny
concerns the ratio (R) between transition and transversion rates,
which allows us to verify the presence of bias in the nucleotide sub-
stitutions. Out of the eight genes analyzed, three (E1, E5 and L1) had
R values >1.0, showing an excess of transitions. For the other genes
(E2, E4, E6, E7 and L2), R values were lower than 1.0, indicating that
a greater number of transversions was occurring (Table 1).d TreePuzzle programs.
Total no. of mutations Overall distance R = Ts/Tv
rmative Total
1174 (49.6%) 2951 0.500 1.12 ± 0.02
531 (29.4%) 1411 0.576 0.77 ± 0.02
18 (1.7%) 54 0.696 0.82 ± 0.01
66 (13%) 187 0.671 1.18 ± 0.04
158 (16.7%) 440 0.615 0.91 ± 0.04
88 (9.3%) 244 0.624 0.82 ± 0.03
1083 (62%) 2523 0.453 1.21 ± 0.03
348 (17.4%) 983 0.626 0.76 ± 0.01
e sites Overall Distance
ons Parsimony informative Total
379 397 (50.4%) 0.600
175 181 (30.0%) 0.701
6 6 (1.7%) 0.881
19 20 (11.8%) 0.833
51 52 (16.5%) 0.741
26 29 (9.2%) 0.759
346 372 (63.8%) 0.502
112 115 (17.3%) 0.752
Table 3
Low entropy regions selected for phylogenetic analysis.
Gene Low entropy areas H 6 1.6 (interval showing the position in each gene) Total number of low entropy sites (bp)
A1 A2 A3 A4
E1 247–321 804–959 994–1368 1482–2351 1476
E2 30–473 542–628 1519–1617 1669–1752 714
E4 – – – – –
E5 – – – – –
E6 221–307 405–503 – – 186
E7 650–700 – – – 51
L1 19–867 987–1610 – – 1473
L2 151–345 1288–1417 1897–1915 – 363
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where the helicase domain is located. The high sequence conserva-
tion of E2 protein was found in the N-terminal end, related to the
transactivation domain and C-terminal end, which exhibits a DNA
binding domain. Despite the high genetic variability found in E4
and E5 proteins, it was possible to observe that there were more
conserved segments corresponding to functionally important
regions. E6 and E7 oncoproteins have zinc-binding domains that
are conserved. Interestingly, the LxCxE domain that binds to the
retinoblastoma tumor suppressor protein (pRB) was not as highly
conserved.
For the structural proteins, it was observed that many con-
served sites in several intermolecular interaction domains are
responsible for formation and stabilization of the viral capsid. In
general, the L1 protein was quite conserved throughout its length,
and it was possible to identify several conserved motifs spaced by
small variable regions. The L2 protein contained two major con-
served domains in the N- and C-terminal regions.3.2. Entropy analysis and secondary structure association
The analysis identiﬁed several regions with low entropy in all
evaluated genes, as described in Table 3. The E1 and E2 genes con-
tained four regions with low entropy, while L2 gene presented
three regions. L1 and E6 genes had two regions, and E7 gene pre-
sented only one region with low entropy. E4 and E5 genes had
no regions with entropy values below 1.6. Table 3 and Supplemen-
tary Fig. S1 describe the areas with low entropy found in each of
the genes and the total size of those regions used in the phyloge-
netic analysis.
The secondary structure prediction of the E1 protein revealed
several a-helix regions, interspersed with b-sheet and loop regions,
distributed homogeneously (Supplementary Fig. S2a). The amino-
terminal region of E2 protein exhibits a set of a-helix regions
followed by a b-sheet, interspersed with loops. Around the central
part of the protein there is a large loop region, while in the carbon-
terminal portion it was possible to identify ﬁve b-sheet regions
with a-helix inserted at the end (Supplementary Fig. S2b).
The E4 protein, however, presented itself as a large loop struc-
ture, with no a-helix or b-sheet (Supplementary Fig. S2c). On the
other hand, E5 oncoprotein exhibited a large a-helix, only with
loops at the extremities (Supplementary Fig. S2d). The E6 protein
had a-helix, b-sheet and loops regions interspersed throughout
the molecule (Supplementary Fig. S2e). The secondary structure
prediction of the E7 protein presented, in its central and carbon-
terminal region, three b-sheets and one a-helix structure (Supple-
mentary Fig. S2f).
The capsid proteins (L1 and L2) had several b-sheet regions
distributed along their entire length. L1 exhibited several a-helices
along the protein, especially in the central region, while L2 had
only two a-helix regions at the amino-terminus part of the protein.
In addition, L1 had several regions of b-sheet at its amino-terminalpart. Large loop regions were also present along the L2 protein and
the carbon-terminal part of L1 (Supplementary Fig. S2g and h).
After prediction, we associated the secondary structure of PV pro-
teins with the previously determined low entropy genomic
regions. Most of these informative regions were associated with
a-helices and b-sheets structures, interspersed with small loop re-
gions (Fig. 1).3.3. Phylogenetic analysis of papillomavirus based on low entropy
genomic regions
The nucleotide substitution models that best ﬁtted the genes
and the evolutionary models for PV proteins are described in Table
4. The Table also includes the models used for the analysis involv-
ing the concatenated genes/proteins.
Phylogenetic signal tests were carried out separately for each
genomic region, for both amino acids and DNA analyses. In all
these analyses, E1, E2, E6, L1 and L2 genomic regions exhibited
phylogenetic signals. The saturation test showed that all genes
were saturated. Due to a different evolutionary pressure, substitu-
tion saturation was usually associated with the codon third posi-
tion. Analyses with nucleotide sequences (with and without the
codon third position) and amino acids were carried out, for com-
parison purposes. The topologies obtained with all datasets ana-
lyzed showed relatively congruent topologies (Supplementary
Figs. S3 and S4).
The inferences were made in relation to two datasets, involving
the E6–E7–E1–E2–L2–L1 and E1–E2–L2–L1 combinations of genes/
proteins (Fig. 2). The objective was to show that, regardless of the
choice of genes/proteins used, analysis of the low entropy regions
gives rise to a robust phylogeny.
Using the low entropy regions did not generate fully congruent
trees. However, high conﬁdence values have been achieved for the
majority of the nodes. It was possible to obtain very robust phylo-
genetic trees, although they had low statistical support for some
internal nodes. It was not possible to observe large discrepancies
comparing the topologies and the statistical support of the nodes
among the trees constructed from the nucleotides, nucleotides
without the third codon position and amino acids sequences,
although the cladograms based on amino acids sequences showed
some branch conﬁdence values that were slightly higher.
In all combinations of genomic regions analyzed, several mono-
phyletic clusters could be clearly distinguished, representing the
PV genera. At some level, all genera, mostly Delta-PV, Epsilon-PV,
Xi-PV, Beta-PV, Kappa-PV, Mu-PV, Lambda-PV, Nu-PV, Alpha-PV,
Omikron-PV, Theta-PV and Eta-PV, were monophyletic and they
presented high bootstrap and posterior probability values (Fig. 2).
Some of the clades containing the PV genera corresponded to
the clusters of the hosts, such as primates, artiodactyl, lagomorphs,
carnivores, cetaceans, birds and reptiles. These clusters were sup-
ported under the different methods of tree reconstruction, as well
as using different combinations of genes. However, several types of
Table 4
Evolutionary models that most ﬁt the data for the low entropy genomic regions of each gene/protein of Papillomavirus according to ModelTest and ProtTest programs. The last
three lines show concatenated genes that formed the combinations used in this analysis.
Genes/proteins Nucleotide substitution model Reference Amino acid substitution model Reference
E1 GTR + I + G Tavaré (1986) RtREV + I + G + F Dimmic et al. (2002)
E2 GTR + I + G Tavaré (1986) RtREV + G + F Dimmic et al. (2002)
E4 GTR Tavaré (1986) VT + G + F Muller and Vingron (2000)
E5 GTR + G Tavaré (1986) FLU + F Dang et al. (2010)
E6 GTR + G Tavaré (1986) WAG + I + G + F Whelan and Goldman (2001)
E7 TVMef + G Posada (2003) LG + I + G + F Le and Gascuel (2008)
L1 GTR + I + G Tavaré (1986) WAG + I + G Whelan and Goldman (2001)
L2 TVM + I + G Posada (2003) WAG + I + G + F Whelan and Goldman (2001)
E1–E2–L2–L1 GTR + I + G Tavaré (1986) LG + I + G + F Le and Gascuel (2008)
E6–E1–E2–L2–L1 GTR + I + G Tavaré (1986) LG + I + G + F Le and Gascuel (2008)
E6–E7–E1–E2–L2–L1 GTR + I + G Tavaré (1986) RtREV + I + G + F Dimmic et al. (2002)
Fig. 1. Entropy per site plot of L1 gene. Regions with entropy values equal to and below 1.6 bits have less information complexity, which indicates the most conserved parts of
the genomes. Predicted consensus secondary structure of L1 protein is plotted in the graph. The a-helix regions are in red, the b-sheet ones are in yellow and lines represent
loop regions. (For interpretation of the references to colour in this ﬁgure legend, the reader is referred to the web version of this article.)
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hosts. For example, PVs that infect primates did not form a mono-
phyletic group in all analyses. MfPV1, which infects a non-human
primate, clustered together with HPV24; a polyphyly was observed
in the group of PVs that infect cattle; PVs that infect canines also
showed themselves to be polyphyletic; OcPV1 and SfPV1, which
infect rabbits, clustered together with HPV1; UmPV1 which infects
one Carnivora member and SsPV1 that infects one artiodactyl clus-
tered together with the PVs that infect primates (Fig. 2).
Despite the relative robustness of the tree, taking into account
the highly variable dataset, some nodes showed well-supported
phylogenetic contradictions when taking into consideration all
four different methods used to reconstruct the phylogenetic trees.
In addition, some viruses randomly clustered together when using
different partitions, for instance EcPV1, TmPV1, MnPV1, RaPV1 and
BPV7 (Fig. 2).
Phylogenetic analyses based on genomic regions with low
entropy were more quickly computed than the analyses with the
original datasets because of the smaller dataset size (Supplemen-
tary Table S2). The entropy method selected regions with sizes
15–52% smaller, which represented computational times approxi-
mately 30–70% faster, depending on the dataset used.4. Discussion
Some attempts to obtain a complete overview of the evolution
of PVs have been made (Bravo and Alonso, 2007; Chan et al.,
1992, 1995; Gottschling et al., 2007a,b, 2011; Shah et al., 2010).
However, this is the ﬁrst time that an entropy-based method has
been used to identify phylogenetically informative genomic
regions in order to reconstruct the PV phylogeny. In this study,
we used the complete genomes of PVs that infect a wide variety
of hosts. However, we did not take into consideration the intratyp-
ic variation of PVs (variants and subtypes), and so we do not know
how representative the GenBank reference isolates are.
The PV genes are highly variable, both in terms of nucleotide
and amino acid sequences. However, it is interesting to observe
that there is a relative conservation regarding to certain protein
domains. Therefore, PVs appear to maintain constant structurally
and functionally important regions, whereas other regions are
more ﬂexible in terms of evolution. This is consistent with previous
knowledge that the protein regions that evolve more slowly are
usually associated with molecular recognition functions (Worth
et al., 2009). For example, the L2 protein contains two conserved
domains at the N- and C-termini for which functional evidence
Fig. 2. Maximum Likelihood phylogenetic trees of representative PVs based on amino acid sequences, using low entropy regions. (a) Analysis carried out with E6–E7–E1–E2–
L2–L1 protein combination. (b) Analysis carried out with E1–E2–L2–L1 protein combination. Branch support values are represented (left to right: NJ/MP/ML/Bayesian
probabilities). Topological incongruences and bootstrap values under 50% are not represented. Papillomavirus genera (Greek letters) are represented along with host order
they infect: ART – Artiodactyla; PRI – Primates; CAR – Carnivora; CET – Cetacea; SIR – Sirenia; CHI – Chiroptera; ROD – Rodentia; LAG – Lagomorpha; TES – Testudinata; PAS –
Passeriformes; PSI – Psitaciformes. Asterisks indicate the only Papillomavirus genus (Kappa-PV) that contains viruses infecting two different host orders (OcPV1 infects
Artiodactyla and SfPV1 infects Lagomorpha).
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nen et al., 2003; Florin et al., 2006; Kämper et al., 2006; Richards
et al., 2006; Roden et al., 2000).
However, we have also noted in this study that the L  C  E
domain of E7 protein was not well conserved, despite its associa-
tion with cancer development, according to the report of Caldeira
et al. (2000). They have observed that the E7 protein of some HPVs
does not exhibit this domain and the virus can still induce cell pro-
liferation. Consequently, although PV genes have accumulated
many mutations over evolutionary time, apparently function has
been maintained. This idea is important because selecting func-
tionally important genomic regions to infer the phylogeny of this
group becomes very relevant due to the huge genetic variability
found in these viruses.
The behavior of transitions and transversions is as important as
knowing the gene sequence variation within a group of organisms.
Estimating the possible bias of these rates is very important for
understanding the evolution of genomes, as well as the correct
reconstruction of their phylogeny (Yang and Yoder, 1999). In this
analysis, we found values near one (between 0.7 and 1.2) which
is expected given the high level of sequence divergence.
As a consequence of PVs genomic variability, we are suggesting
a new approach to phylogenetic reconstruction using low entropygenomic regions. Regions in a DNA sequence that are widely diver-
gent could show different evolutionary histories, disturbing the
overall phylogenic reconstruction from the group of organisms.
So, it is important to ﬁnd and delete these regions when we deal
with a highly variable dataset such as the one analyzed here. The
entropy method applied to nucleotide and amino acid sequences
has proved to be useful in determining patterns of genetic variabil-
ity (Caffrey et al., 2004; Krishnamachari et al., 2004; Liao et al.,
2005; Mutihac et al., 2001; Pilpel and Lancet, 1999; Schneider
et al., 1986; Valdar, 2002; Zou and Saven, 2000). So, it is a powerful
tool for determining less complex sites in the genome, which is
important for a more accurate phylogenetic reconstruction. There-
fore, entropy is a numerical measure that indicates regions that are
most probably homologous.
Entropy based methods have been shown to be more accurate
than other trimming approaches. In comparison to other methods,
Criscuolo and Gribaldo (2010) showed that their entropy method
gave best conﬁdence values for the monophyly of Unikonts, as well
as providing a more accurate prediction for the monophyly of
Archaeplastida and Unikonts, and the phylogenetic distinction be-
tween jacobids and Archaeplastida.
Importantly, this is the ﬁrst time that entropy has been used to
select PV genome regions for phylogenetic reconstruction. This
2032 M.V.A. Batista et al. / Infection, Genetics and Evolution 11 (2011) 2026–2033approach has gained importance in recent years, resulting in the
development of software which selects regions in a multiple
sequence alignment that are suitable for phylogenetic inference
and then computing a score related to the entropy value (Criscuolo
and Gribaldo, 2010). In the case of PVs, despite the great genetic
variation found, it was possible to observe low informational
complexity genomic regions, which are related to the conserved
sites of each gene. Logically, less variable genes have more low
entropy regions. These regions have a higher probability of being
related to important functional domains in the proteins of these
viruses. For example, according to Kim et al. (2003), regions related
to transcription factor binding sites have a low probability of
mutations.
Therefore, the high level of genetic variability exhibited by PVs
can be explained by the presence of functionally and structurally
important conserved regions, which maintains protein stability
and indicates a common ancestry. Thus it is important to associate
low informational complexity regions with the secondary structure
of the proteins. However, many regions selected by entropy are
related to loop regions. Despite the existence of a potential ﬂexibil-
ity in loops, increasing tolerance to variation in those regions, some
conservation can be found depending on whether catalytically ac-
tive residues are present in these structures or whether they adopt
important positions for protein fold (Camps et al., 2007). Moreover,
a-helix and b-sheet regions may inﬂuence the adjacent loop re-
gions, like a shield effect, decreasing the number of amino acids
changes in these places due to evolutionary pressure known as
background selection, as observed in Fusconaia, Pleurobema, Lemi-
ox and Ptychobranchus (Chapman et al., 2008). So we can infer that
the low entropy regions are probably structurally important, and
therefore useful for the construction of PV phylogeny.
Accordingly, the entropy was used in order to improve phyloge-
netic signal to reconstruct the evolutionary relationships of a group
of viruses, not only based on information theory, but also associated
withbiological concepts.Moreover,with the intentionof furtherval-
idate the method, three different genomic combinations were ana-
lyzed, using four, ﬁve or six concatenated genes, and we obtained
congruent results for all three datasets, which shows the efﬁciency
of the method independently of the genomic region analyzed.
Using the entropy measure approach, we were able to obtain
topologies and branch lengths similar to the ones obtained by
Gottschling et al. (2007b), corroborating the idea that diversiﬁca-
tion of PVs are due to multiple evolutionary mechanisms as sug-
gested by Gottschling et al. (2007b). Congruence between virus
and host phylogeny is required to conﬁrm that co-evolution by it-
self guides PV diversiﬁcation (Chan et al., 1992; Rector et al., 2007).
García-Vallvé et al. (2005) proposed that PVs co-evolve with their
hosts, even though some genes show different evolutionary histo-
ries, indicating that some of these genes were acquired later in the
evolution of PVs. Although those ideas are quite plausible in ﬁrst
instance, our results suggest that there is disagreement between
the phylogeny of PVs and their hosts, and that co-evolution by
itself cannot explain the diversiﬁcation of PVs, consistent with
the ﬁndings of Gottschling et al. (2007b), Shah et al. (2010) and
Gottschling et al. (2011).
A major problem found in the elucidation of PV phylogeny is the
limited availability of sequenced PV types, subtypes and variants.
While many HPV types are known, there is an insufﬁcient sampling
of non-human PVs. This small representation may explain the low
bootstrap values found in the internal nodes. Although the phylog-
eny obtained in this study resembles the one found by Gottschling
et al. (2007b), which used another character trimming method
(Castresana, 2000), we were able to obtain it using a fewer regions
of the genome, which exhibited low entropy. This means that we
got similar results using less data, resulting in lower computational
cost.Another advantage of the method is that the congruence
obtained between topologies based on three gene combinations
used in our study indicated that it is possible to reconstruct PV
phylogeny by using four, ﬁve or six concatenated genes, since the
most informative regions of these genes are used. Besides the de-
crease in computational cost, this process is relevant as it shows
that there is no need to sequence the entire genome of new PV
types for them to be included in phylogenomic studies. Therefore,
entropy can be used to determine hot spots of information in the
genomes for inclusion in phylogenetic studies.
Even though some studies have shown the effectiveness of other
methods which eliminate regions that disrupt the dataset phyloge-
netic signal (e.g. Castresana, 2000; Criscuolo and Gribaldo, 2010;
Talavera and Castresana, 2007), it is important to develop and apply
new methods and approaches that increase this efﬁciency to make
the estimation of large phylogenies more accessible.Acknowledgements
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